Propionylcholine has recently been identified by Banister, Whittaker & Wijesundera (1953) as a constituent of ox spleen. The identification was made on the basis of R. value and physiological properties. It seemed desirable to confirm the identification by an unequivocal physical method such as infrared spectroscopy. Paper chromatography, the method of separation used in the earlier work, is not well suited for isolating propionylcholine in the quantities required, and an improved method of separation has been devised which makes use of chromatography on ion-exchange resins.
perties. It seemed desirable to confirm the identification by an unequivocal physical method such as infrared spectroscopy. Paper chromatography, the method of separation used in the earlier work, is not well suited for isolating propionylcholine in the quantities required, and an improved method of separation has been devised which makes use of chromatography on ion-exchange resins.
Ox spleen was originally selected by Banister et al. on account of the high content of acetylcholine or acetylcholine-like substances reported for it by Dale & Dudley (1929) and Chang & Gaddum (1933) . It has not been possible to confirm these findings either in the earlier work or in the present study. This discrepancy and a possible explanation for it is considered in the discussion.
The work described in this paper was communicated to the XIXth International Physiological Congress, Montreal (Gardiner &; Whittaker, 1953) . EXPERIMENTAL Materia,s and method8 Ion-exchange re8ins. Amberlite XE-97 (lot no. 5258, 100-500 mesh) was washed by sedimentation in tap water to remove fines, transferred to columns and subjected to either of the following treatments:
(1) The resin was washed with N-HCl using double the volume required to give a metal-free effluent (i.e. flame test negative), then with water until the pH of the effluent exceeded 5 and finally washed with 0-1 -NaH2PO4 until the pH of the effluent was the same as that of the influent.
(2) The resin was: (a) washed with x-NaOH, using double the volume required to change the tint of the resin from offwhite to white; (b) removed from the column, washed by sedimentation with three to four changes of water and repacked in the column; then (c) washed with N-HCI, using double the volume required to change back the colour of the resin. (d) Step (b) was repeated. (e) Steps (a)-(d) were repeated twice. The column was then washed with water until the pH of the effluent was greater than 5 and equilibrated with 0-02M-NaH2PO4.
Batches of prepared resin were stored under 0-1 or 0-02M-NaH2PO4 until needed.
The basic resin Amberlite XE-98 (lot no. 4801) was powdered in a mortar, washed to remove fines, transferred to a column and converted into the perchlorate form by washing with 0-1 N-HC104 until free from chloride.
Amberlite XE-59 was converted into the hydroxide form by washing with 5% (w/v) NH8 until free from chloride. Ammonia was removed by washing with boiled-out water until the pH fell below 7-4.
Other materials. Reagents and solvents whenever possible were A.R. A solution of AgCl04 was prepared by the repeated evaporation in vacuo of AgNO3 and HC104 at 1000, followed by neutralization of excess acid with Ag2CO3 and ifitration. The methanol used in the final stages was Eastman Kodak 'Spectro' grade. Choline esters were as described by Banister et al. (1953) .
Bio-assay of choline ester8 was carried out on the frog rectus abdominis muscle (Chang & Gaddum, 1933) Experiments with synthetic esters showed that acetylcholine comes off the resin first, followed by propionylcholine, then by butyrylcholine. Succinylmonocholine and acetyl-,-methylcholine (,Bacetoxypropyltrimethylammonium chloride) have about the same affinity for the resin as acetylcholine, but succinyldicholine is very firmly bound and needs solutions of pH 1-2 for its elution (unpublished work by I. A. Michaelson). Choline comes off slightly ahead of acetylcholine. When the pH of the eluting buffer is raised, the affinity of the resin for acetyl-and propionyl-choline first increases, then decreases, being maximal at about 5B5-6-0, and the degree of separation is diminished. The pH of maximum affinity for choline is somewhat higher (about 7.0) so that at this pH acetyland propionyl-choline emerge from the column together, followed by choline. Preliminary treatment with alkali, as in procedure (2), reduces the affinity of the esters for the resin, perhaps by removing material of low molecular weight, but gives sharper separation when used with a dilute (0-02M) buffer. The alkali-treated resin was therefore preferred for runs with partially purified fractions. The separation obtained with synthetic acetyl-and propionyl-choline can be seen in Fig. 4 .
Isolation of propionylcholine from ox spleen Concentration of spleen bases. This was carried out according to the scheme outlined in Fig. 1 . Up to the stage of reineckate precipitation, the procedure was essentially as described by Banister et al. (1953 Supernatant and washing8 Acetone removed in vacuo, excess Ag+ removed with a few drops of saturated NaCl.
Solution freeze-dried. Residue extracted with ethanol (3 x 7 ml./kg. spleen).
Extract
After addition of 0 1m-NaH2PO4 (3 ml./20 ml. extract) vol. reduced to one-fifth.
Residue treated with equal vol. moist XE-59-OH, and centrifuged immediately. VoI. 58 use of the sparing solubility of the inactive perchlorates (mainly creatine, potassium and choline) in ethanol.
A typical preparation was as follows. Six spleens (2-9 kg.) were removed from the animals 20-40 min. after death and immediately packed in chipped ice. Extraction was commenced in the laboratory cold room 1 hr. later. After removal of the capsule and adherent fat, the spleens were cut into strips and minced into ethanol (3 kg./kg. spleen).
The cutting and mincing were carried out in the presence of chilled ethanol (cf. Dale & Dudley, 1929) . After acidification with 50% (w/v) trichloroacetic acid (TCA), the mixture was left overnight in the cold room with stirring. After filtering through muslin and then through cellulose powder in a Buchner fiunnel, the filtrate was evaporated in vacuo at 370 and fat removed by extraction with ether. The aqueous residue (202 ml.) had a total activity of 4040 units. A considerable amount ofactivity was lost in the numerous assays at various stages, in the reineckate precipitation and the subsequent ethanol extractions (Fig. 1 Chromatography of ti8sue choline e8ter8. Fig. 2 shows the distribution of this active material in the effluent after chromatography on XE-97 prepared according to procedure (1). The initial peak of rectus-stimulating material was identified as choline on the basis of its position on the chromatogram, its predominantly rectus-stimulating activity (the choline: acetylcholine activity ratio for the frog rectus is 10 times that for the ileum), and its stability when boiled in alkaline solution. The next peak was identified as acetylcholine on the basis of its position on the chromatogram, the concordance of the rectus and ileum assays when synthetic acetylcholine was used as the standard, and alkali lability. The quantitative discrepancy between the rectus and ileum peaks is probably not significant, since some inactivation of the material may have taken place between the two series of assays, and there may have been substances present in some of the fractions which modified the response of the two organs to different extents. The third peak was identified as propionylcholine on the basis of its position immediately after acetylcholine on the chromatogram, its predominantly rectus-stimulating properties and its alkali lability. The activity recovered in the second and third peaks was 410 and 1040 units respectively, together comprising 91 % of the alkali-labile activity before chromatography.
Histamine was identified as an ileum-stimulating substance whose alkali-stable activity was blocked by the antihistamine N-p-methoxybenzyl-NN'-dimethyl-N-oc-pyridylethylenediamine maleate (1 ,tg./ ml.) (Merck and Co.) in fractions collected after 3*5-4-0 1. or in acid (O1N) eluates of columns from which choline esters had already emerged. Ninhydrin-positive material (basic amino acids) was present in fractions up to 200 ml. Butyrylcholine was not present in detectable amounts. Fractions containing propionylcholine (blackedin portion of Fig. 2 , 910 units) were united with 2060 units of propionylcholine prepared in the same way from 5-4 kg. spleen. The combined material (2970 units in 1460 ml. 0 1M-NaH2PO4) was divided into two portions, each of which was partially freed from sodium phosphate as shown in Fig. 3 and further purified by chromatography on AXE-97 using 0 02M-NaH2PO4 as eluting agent. Fig. 4 (circles) shows the distribution of activity in the eluate from one of these runs. A calibration run (crosses) performed later with synthetic acetyl-and propionyl-choline shows that the active material from spleen runs like propionylcholine on the column. The slight rightward displacement of the control peak is accounted for by changes in rate of flow and ambient temperature. The total activity recovered after chromatography was 1650 units; this was 83 % of the activity placed on the columns, 56 % of the combined activity from the first chromatograms or 12 % of the ethanol-extractable activity of the original tissue.
Differential bio-a88ay of 8pleen propionylcholine.
Although propionylcholine is relatively inactive on the ileum (2-10%0 that of acetylcholine) it can be assayed on this preparation. Owing to the different relative potencies of different choline esters on the rectus and ileum (see Table 1 (Chang & Gaddum, 1933 Barer, Cole & Thompson, 1949) . Dr Darwin L. Wood, of the University of Michigan, kindly undertook to place his microspectrometer at our disposal; his report is presented in the Appendix.
For spectroscopic examination it was necessary to separate the spleen propionylcholine from the buffer solution and mount it in a suitable manner. As spectroscopic identification of the naturally occurring ester isolated as the chloride by paper chromatography had been defeated, over 2 years ago, by the hygroscopic nature and instability of this salt, it was also considered essential to convert the ester into the more stable perchlorate. Accordingly, samples containing the ester (750 units in 50 ml.) were freeze-dried and the residue was extracted with methanol (2 x 10 ml.). After removal of the methanol, the residue was re-extracted with methanol (2 x 1 ml.); to this was added CHC13 (10 ml.).
After 1 hr. in the cold, the mixture was centrifuged to remove sodium phosphate and the supernatant evaporated. The residue was transferred in a total volume of 5 ml. boiledout water to an Amberlite XE-98-C104 column (4 x 0x8 cm.) to convert the ester into the perchlorate. The effluent was evaporated and the ester transferred in a small volume of methanol to a 5 x 5 mm. silver chloride plate where it was deposited as a spot 2 mm. in diameter. The sample still contained a considerable amount of perchlorate derived from the NaH2PO4 of the eluting solution, but fortunately the inorganic ions present did not interfere with the identification of the biological material as propionylcholine.
Synthe8is of propionylcholine by choline acetyla8e
The biological occurrence of propionylcholine raises the question of its synthesis. The most obvious route is via propionylcoenzyme A and the choline acetylase system, especially as enzymes are now known which convert the whole range of fatty acids, also succinic and benzoic acid, into acylcoenzyme A derivatives. To test this point, the experiment summarized in Table 2 was performed. The source of choline acetylase was pigeon brain, already known as a rich source of cholinesterase (Whittaker, 1953) . To identify the active component, Table 1 . Differential bio-assay of spleen propionylcholine VoI. 58 Table 2 . Synthe8is of choline ester8 by pigeon-brain choline acetylase An acetone powder of the brain was extracted with ice-cold 0.9 % (w/v) NaCl for 1 hr. The supernatant after centrifuging (15 000 g) was treated for 0-5 hr. with 0 5 vol. XE-59-Cl in the cold (cf. Balfour & Hebb, 1952) . The system contained in 2 ml., resin-treated extract from 40 mg. acetone powder, 50fimoles cysteine, 10Omoles KCI, 20,umoles choline chloride, 1 t&mole NaH2PO4, 25/imoles NaF, 3-3 mg. adenosine triphosphate (Na2 salt) and 60 jug. eserine (as sulphate); pH was adjusted to 7. Coenzyme A (Pabst Laboratories, Division of Pabst Brewery Co., Milwaukee, Wis.; 70% pure, 36 units) and Na acetate or propionate (20umoles) were added as indicated. The mixture was incubated for 1 hr. at 370, brought to pH 4, boiled, centrifuged and the supernatant used for assays and chromatography. Activity expressed as lg. extracts were freed from choline by chromatography on AXE-97 at pH 7-4; the active fractions were freeze-dried and run on AXE-97 at pH 4*5 to separate acetyl-and propionyl-choline. As seen in Table 2 , propionate gave rise to propionylcholine in this system; the trace of acetylcholine probably arose from acetyl donors which, as shown by the first result recorded, were present in the preparation. Berman, Wilson & Nachmansohn (1953) have recently reported that purified squid-ganglion choline acetylase can synthesize propionylcholine from propionylcoenzyme A or an appropriate donor system; their product was not isolated, however. DISCUSSION Propionylcholine from ox spleen has now been identified as such by chromatography on paper and on columns of ion-exchange resin, by differential bio-assay and by infrared spectroscopy. The technique of chromatography on ion exchange resin has several advantages over paper chromatography (Whittaker & Wijesundera, 1952) for separating choline esters; the separation is sharper and less affected by impurities, and the recoveries are excellent. The chief disadvantages for our purposes were the difficulty of separating the esters from the buffer solution and the dilution of the extract which occurs during elution. The first of these was not entirely overcome, and the sample used for infrared spectroscopy contained a large amount of inorganic perchlorate derived from buffer salt. Fortunately the perchlorate ion did not absorb in the critical portion of the spectrum and so did not interfere with the identification. In the purification procedure, high yields were regarded as secondary to the attainment of a homogeneous product (thus, for example, only the central portion of the propionylcholine peak in Fig. 2 of the losses incurred in the reineckate precipitation and in the numerous assays, extractions and transfers. The yield of propionylcholine cannot be evaluated exactly owing to the difficulty of estimating the amount present in the original tissue, but Fig. 2 shows that about 60 % of the total activity at this stage was due to propionylcholine and 30 % to acetylcholine. Since propionylcholine is 1X5-2-0 times as active on the frog rectus as acetylcholine, this suggests that the extract contained at least as much propionylcholine as acetylcholine. If it is assumed that losses before chromatography affected both esters equally, the overall yield of propionylcholine might be as high as 20-25 %.
Our estimate for the propionylcholine content of ox spleen is somewhat higher than that given by Banister et al. (1953) . However, Banister (unpublished) has recently confirmed that part of the propionylcholine in spleen extracts may travel with acetylcholine on paper chromatograms, and the impression was also formed in the earlier work that propionylcholine (as the chloride) was less stable on paper chromatograms than was acetylcholine. Both these factors, which would lead to underestimation of the proportion of propionylcholine, are absent from the present work. 'F component' (Banister et al. 1953) was not detected in the effluents from the colunins even after prolonged chromatography. However, some evidence was obtained that it was strongly adsorbed on the resin and could, like succinyldicholine and histamine, be eluted with acid. Work on the separation and identification of this substance is continuing.
The amount of 'acetylcholine' (i.e. total acetylcholine-like activity as assayed by the frog rectus) extracted from ox spleen by acid-ethanol in the experiments described in this paper was 1-6 units/g. tissue, equivalent to 0 3 pg. acetylcholine chloride/g. This is the same order of magnitude as has been observed before (0.3-09 ,ug./g.), but is much lower than that reported for horse and ox spleen by Chang & Gaddum (1933) (4-30,ug./g.) In order to exclude inadequacies in extraction technique as an explanation for the discrepancy between our own results and those of the Dale school, we have recently examined two horse spleens. Using the trichloroacetic acid method of extraction the 'acetylcholine' content was 6-8 and 7-6 /tg./g. respectively; the acid-ethanol procedure gave results about 20 % lower (cf. Chang & Gaddum, 1933 Aside from possible changes in diet, breeds and methods of slaughtering during the past 20 years, we believe that failure to allow for potentiating substances present in the crude tissue extracts may account, in part, for the high values of the earlier workers. We have found that, when no allowance is made for alkali-stable potentiating substances by the Feldberg technique, values nearly 3 times higher than the 'true' ones may be obtained. This would bring the upper part of our range near the lowest value given by Chang & Gaddum. By contrast, the amount of potentiation in the horsespleen extracts was much less (16 and 0 % respectively). Now, neither Chang &;Gaddum nor Dale & Dudley allowed for potentiating substances and in the case of the rabbit jejunum asays performed by the latter, one such substance, histamine, was admittedly present (they describe its isolation from ox spleen). We therefore believe our values represent the true ones obtainable under present-day conditions with currently acceptable assay techniques. SUMMARY
1. The separation of propionylcholine from ox spleen by an improved method involving chromatography on ion-exchange resins is described.
2. The spleen propionylcholine was identified as such by its chromatographic and physiological properties and by its infrared absorption spectrum.
3. Reasons are advanced for believing that the values obtained for the total concentration of acetylcholine and acetylcholine-like substances in spleen tissue, though lower than those reported by earlier workers, represent the true values obtainable with modern assay techniques.
